1. Introduction {#sec0005}
===============

Soybean \[*Glycine max* (L.) Merrill\] has potential to play a major role in responding to global food insecurity that results from mounting demographic pressures. The world population is projected to grow beyond 10 billion by 2100 ([@bib0115]), and much of the increase will occur in Africa ([@bib0065]), where hunger is already a threat. With high concentration of seed protein (40%), that provides all essential amino acids in sufficient amounts for human health, and high seed oil content (20%), soybean has many uses, encompassing human food, animal feed and biofuels. Moreover, soybean offers a number of advantages in sustainable cropping systems, including the ability to symbiotically fix atmospheric nitrogen (N~2~), which obviates the reliance on N-fertilizers.

Numerous reports testify that when soybean is grown for the first time in new areas outside Southeast Asia, its centre of origin and domestication, it generally requires inoculation with exotic strains ([@bib0225], [@bib0165], [@bib0015], [@bib0120], [@bib0145]). In Africa, where the distribution of inoculants represents another limitation, a strategy consisting in the use of promiscuous soybean genotypes---capable of forming nodules with indigenous rhizobia ([@bib0225], [@bib0015], [@bib0275])---has been used for decades; this strategy would be useful especially for smallholder farmers with no access to inoculants ([@bib0210]). Nevertheless, with cropping intensification, the search for soybean genotypes with higher yield potential but requiring inoculation is scaling up.

Soybean response to inoculation is dependent on a number of environmental factors including soil N availability ([@bib0285], [@bib0260]), temperature ([@bib0150]), pH ([@bib0125], [@bib0030]), salinity ([@bib0320]), P availability ([@bib0230]) and, more importantly, indigenous rhizobial populations ([@bib0290], [@bib0215]). Very often, elite inoculant strains fail to overcome the competition barrier for nodule occupancy imposed by indigenous or naturalized rhizobia ([@bib0290], [@bib0270], [@bib0305], [@bib0030]), most times ineffective but very competitive and already adapted to the environment ([@bib0270]; [@bib0030]; [@bib0130]). However, strong evidence of inoculation success in areas with high rhizobial population, of 10^3^--10^6^ cells g^−1^ of soil, has been published from Brazil ([@bib0155], [@bib0160], [@bib0170], [@bib0060], [@bib0145]), opening a window for inoculation research in other geographic regions.

Ecological studies on rhizobia have established that exogenous inoculant strains undergo genetic changes ([@bib0240], [@bib0045]) and may acquire superior competitive abilities as they become naturalized ([@bib0085], [@bib0080], [@bib0145]). The success of inoculation and nitrogen fixation on soybean in Brazil is chiefly ascribed to strain selection programs that took place for over half a century, in addition to the development of proper inoculation methods ([@bib0160], [@bib0145]). On the contrary, in Mozambique soybean is a relatively new crop practiced primarily with promiscuous varieties without inoculation ([@bib0140]). In recent years, nevertheless, the increased demand for soybean grain to supply the chicken industry and for export ([@bib0070]) has led to search for more productive non-promiscuous genotypes, which are generally responsive to commercial inoculants. The agro-climatic conditions of the soybean production areas in Mozambique are similar to the major soybean growing areas in Brazil, raising the question on whether the inoculant strains that perform well on a variety of agro-climatic zones in Brazil could be successfully transferred to Mozambique, saving time, labour and money.

The objective of this study was to compare the performance of four elite *Bradyrhizobium* strains from Brazil (SEMIA 587, 5019, 5079, and 5080) and another strain adopted as standard inoculant in many African countries (USDA 110) in trials carried out with non-promiscuous soybean genotypes in Brazil (four sites) and Mozambique (five sites).

2. Material and methods {#sec0010}
=======================

2.1. Sites description: location, climate and soil characterization {#sec0015}
-------------------------------------------------------------------

Climate and soil classification ([Table 1](#tbl0005){ref-type="table"}), soil chemical properties and rhizobial counts ([Table 2](#tbl0010){ref-type="table"}), rainfall (Supplementary Table 1) and temperature (Supplementary Table 2) data are presented on the indicated tables. Sixty days prior to commencing the experiments, 20 soil sub-samples (0--20 cm) were collected at each site to evaluate biological, physical and chemical properties. Rhizobial population sizes were estimated by the most probable number (MPN) method ([@bib0300]) with soybean cultivar BMX Potência RR (in Brazil) or Storm (in Mozambique). Silt, sand and clay fractions were determined by the hydrometer method ([@bib0175]). In Mozambique, soil pH was determined in H~2~O (1/2; soil/water) 60 min after agitation. Ca, Mg, Al, K and P were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) after extraction with Mehlich-3 ([@bib0255]). In Brazil, chemical analyses were performed as described by [@bib0265]. Soil pH was determined in 0.01 mol L^−1^ CaCl~2~ (1/2.5; soil/solution). Exchangeable Al, Mg and Ca were extracted with 1 mol L^−1^ KCl (1:10; soil/solution) after agitation for 10 min, P and K were extracted with Mehlich-1 after 10 min agitation. Aluminum was determined by titration with 0.015 mol L^−1^ standardized NaOH with indicator bromothymol blue, K was determined in a flame photometer, Ca and Mg were determined in an atomic absorption spectrophotometer, and P by the molybdenum-blue method with C~6~H~8~O~6~ as reducing agent. In both countries soil organic carbon (SC) was determined by the Walkley-Black chromic acid wet oxidation method ([@bib0315]) and soil organic matter (SOM) was obtained considering SOM = 1.724 × SC.Table 1Location, climate, soil type and textural class of the experimental sites.Experimental siteGeoreferenceClimate[1](#tblfn0005){ref-type="table-fn"}Soil type[2](#tblfn0010){ref-type="table-fn"}Textural class[3](#tblfn0015){ref-type="table-fn"}LatitudeLongitudeAltitude (m)BrazilLondrina23°11′S51°11′W620*Cfa*Rhodic FerralsolsClayMaracaí22°36′S50°40′W475*Cfa*Ferric LuvisolsSandyPonta Grossa25°13′S50°01′W880*Cfb*Orthic FerralsolsSandy clay loamyRio Verde17°47′S50°54′W730*Aw*Acric FerralsolsSandy clayMozambiqueMuriaze15°16′S39°19′E363*Aw*Ferric LuvisolsSandy clay loamyNkhame14°38′S33°59′E1115*Cwa*Orthic FerralsolsSandy loamyNtengo14°33′S34°11′E1225*Cwa*Orthic FerralsolsClayRuace15°08′S36°25′E673*Cwa*Rhodic FerralsolsSandySussundenga19°19′S33°15′E611CwaRhodic FerralsolsSandy[^1][^2][^3]Table 2Rhizobial count (MPN g^−1^ soil), soil chemical properties (pH, CaCl~2~; soil organic matter, g dm^−3^; Organic P, mg dm^−3^; Exchangeable K, Ca and Mg, cmol~c~ dm^−3^; exchangeable acidity, cmol~c~ dm^−3^) and soil granulometry (silt, sand and clay, g kg^−1^) of the locations where the field trials were conducted in the 2013/2014 and 2014/2015 crop seasons in Brazil and Mozambique.Soil characteristicExperimental sites in Brazil[1](#tblfn0020){ref-type="table-fn"}Experimental sites in Mozambique[2](#tblfn0025){ref-type="table-fn"}2013/14 season2014/15 season2013/14 crop season2014/15 crop seasonLonMarRioLonPonMurNkhNteRuaSusMurNkhNteRuaSusRhizobia (MPN g^−1^ soil)2 × 10[5](#tblfn0040){ref-type="table-fn"}≪10≪105 × 10[5](#tblfn0040){ref-type="table-fn"}3 × 10[4](#tblfn0035){ref-type="table-fn"}≪101 × 10[3](#tblfn0030){ref-type="table-fn"}751 × 10[3](#tblfn0030){ref-type="table-fn"}≪10na[9](#tblfn0060){ref-type="table-fn"}nanananapH[3](#tblfn0030){ref-type="table-fn"} (CaCl~2~)5.65.45.05.75.55.95.56.34.95.45.95.55.35.35.5SOM[4](#tblfn0035){ref-type="table-fn"} (g dm^−3^)23.568.4150.7423.7930.8641.3812.4122.8013.5311.3827.4125.1721.9018.1016.21Organic P (mg dm^−3^)22.016.572.4541.002.5513.2027.607.9622.404.123.9419.102.1728.5016.50K (cmol~c~ dm^−3^)0.610.050.171.131.110.650.222.020.270.220.560.310.560.380.16Ca (cmol~c~ dm^−3^)4.471.203.465.053.029.453.118.702.123.387.253.676.203.612.45Mg (cmol~c~ dm^−3^)2.480.340.942.461.531.381.133.570.490.831.441.101.950.970.62EA[5](#tblfn0040){ref-type="table-fn"} (cmol~c~ dm^−3^)4.621.123.033.283.631.020.780.821.300.830.850.992.191.300.66SB[6](#tblfn0045){ref-type="table-fn"} (cmol~c~ dm^−3^)7.561.594.578.645.6611.484.4514.292.884.449.255.088.714.963.23CEC[7](#tblfn0050){ref-type="table-fn"} (cmol~c~ dm^−3^)12.182.717.6011.929.2912.505.2315.114.185.2710.106.0710.906.263.89BS[8](#tblfn0055){ref-type="table-fn"} (%)62.0758.6760.1372.4860.9391.8885.0794.5768.8884.1791.6283.7479.9279.1783.01Silt (g kg^−1^)1668962083012812817384435613413311336Sand (g kg^−1^)8090454082732542682420842861664719537817897Clay (g kg^−1^)7548836471023833019040774962801473307067[^4][^5][^6][^7][^8][^9][^10][^11][^12]

In Mozambique, all trials were established in areas with no previous soybean cropping history or rhizobial inoculation, whereas in Brazil, the experiments were conducted in areas with or without soybean cultivation history. In Brazil, based on the results of the soil analyses, where applicable, lime was applied to rise bases saturation to 70% (southeast region) or 50% (central region).

2.2. Treatments and trials management {#sec0020}
-------------------------------------

Thirty days before sowing, the areas were weeded with 2.5 L ha^−1^ of glyphosate (C~3~H~8~NO~5~P) (in Brazil only). The experiments consisted of the following treatments, (1) NI, non-inoculated and non-N-fertilized control (symbiosis relied on indigenous or naturalized rhizobial populations); (2) NI + N, non-inoculated control with 200 kg of N ha^−1^ as urea (CH~4~N~2~O, 46.6%N), applied 50% at sowing and 50% at R2 (reproductive stage, open flower at one of the two uppermost nodes on the main stem with completely developed leaf; [@bib0105]); (3) SEMIA 5079*,* inoculated with *Bradyrhizobium japonicum* strain SEMIA 5079; (4) SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; (5) SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; (6) SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; (7) USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; (8) 5079 + 5080, inoculated simultaneously with *B. japonicum* strain SEMIA 5079 and *B. diazoefficiens* strain SEMIA 5080 (only in Brazil, as this is the most common combination used in the country). All inoculants were prepared using a peat carrier.

Colony Forming Units (CFU) of each inoculant were verified before sowing to estimate the amount of inoculant that should be applied to release the same number of cells per treatment, of 1.2 × 10^6^ cells seed^−1^. The inoculation was achieved by adding a sucrose solution (10%) to adhere the peat, and mixing seeds and inoculant vigorously and allowing the mixture to dry under the shade for 2 h before sowing. Seeds received no pesticide treatment.

Plot sizes were 6 m × 4 m (in Brazil) or 9 m × 3 m (in Mozambique) and seeds were sown in rows 0.50 m apart to achieve a final population of approximately 300,000 plants ha^−1^ in both countries. The experiments were laid out in randomized complete block design with six (Brazil) or five (Mozambique) replicates. At all experimental sites the plots were separated by 0.50 m-wide lines and 1.5 m-wide terraces to avoid cross contamination with bacteria and/or fertilizer contained in superficial run-off. Sowing dates are shown in Supplementary Table 1 and trials relied on natural rainfall (Supplementary Table 1). Temperatures recorded at sowing during soybean growth stages are shown in Supplementary Table 2.

Immediately before sowing, 300 kg ha^−1^ of fertilizer (0--20--20, N-P-K) were applied in-furrow. In Brazil, at V4 (vegetative stage, four nodes on the main stem with completely unrolled leaves beginning with the unifoliolate nodes; [@bib0105]), plants were sprayed with herbicide, 2.5 L ha^−1^ of C~3~H~8~NO~5~P, and micronutrients, 20 g ha^−1^ of Mo (as Na~2~MoO~4~^.^2H~2~O) and 2.5 g ha^−1^ of Co (as CoCl~2~^.^6H~2~O). In Mozambique, weeding was performed in weekly intervals using manual hoe and, apart from the NI + N treatment, no other fertilizer was added.

2.3. Evaluation of nodulation, plant growth, N accumulation, yield and relative effectiveness {#sec0025}
---------------------------------------------------------------------------------------------

Five randomly selected plants were dug out from each plot at V4 (in Brazil) or R3 stages (reproductive stage, pod is 5 mm in length at one of the four uppermost nodes on the main stem with a completely developed leaf; [@bib0105]) (in Mozambique) and taken for assessment of nodulation, plant growth and N accumulation. At the laboratory, plants were cut at the cotyledonary node to separate roots from shoots. Shoots were washed and placed in an air-forced drier at 50 °C for 72 h and weighed to determine shoot dry weight (SDW). Entire shoots were ground (18 mesh) and employed to determine total N accumulation in shoots (TNS) by the salicylate green method ([@bib0245]), with readings taken at the wavelength of 697 nm. Roots and nodules were dried at 50 °C for 72 h. Nodules were then detached from roots, counted, to determine nodule number (NN), before determination of nodule dry weight (NDW).

At physiological maturity, all plants within the central area of 8 m^2^ (in Brazil) or 20 m^2^ (in Mozambique) of each plot were harvested and used to determine the above ground biomass (AGB) (only in Mozambique), grain yield (GY), and grain dry weight (GDW). To determine AGB, plants were cut at the cotyledonary node, dried at 50 °C for 72 h and weighed. For determination of GY, grains were weighed and values adjusted to 13% of moisture content, considering the humidity in a grain moisture tester. One hundred seeds were weighed to determine GDW. Relative effectiveness (RE) was determined as a percentage of SDW of any treatment over that of the NI + N treatment, in the same block ([@bib0235]).

2.4. Statistical analysis {#sec0030}
-------------------------

Data were checked for normality of errors and homogeneity of variances prior to the statistical analyses. One-way general linear model ANOVA was employed to determine differences among treatments. When significant differences among treatments were detected, Duncan\'s test was employed to classify the means of the treatments. Differences were considered significant at *p* *≤* 0.10, a level acceptable for strain or inoculant technology recommendation in Brazil ([@bib0185]). All statistical analyses were performed with software SAS^®^ 9.3 (SAS Institute, North Caroline, USA).

3. Results {#sec0035}
==========

3.1. Soil physical and chemical properties {#sec0040}
------------------------------------------

The experimental sites in Brazil were in four textural classes, Clay, Sandy, Sandy clay loamy and Sandy clay, all of which were represented in Mozambique, apart from Sandy clay ([Table 1](#tbl0005){ref-type="table"}). In relation to chemical properties, the sites in Mozambique were in relatively more fertile soils, as shown by lower exchangeable acidity and higher base saturation ([Table 2](#tbl0010){ref-type="table"}).

3.2. Indigenous/naturalized rhizobia populations {#sec0045}
------------------------------------------------

In Brazil, the population density of naturalized rhizobia varied from ≪ 10 (Maracaí and Rio Verde) to over 10^5^ (Londrina) cells g^−1^ soil ([Table 2](#tbl0010){ref-type="table"}). In Mozambique, the population sizes of indigenous rhizobia were estimated only in 2013/2014, due to logistic difficulties, and ranged from ≪10 (in Muriaze and Sussundenga) to over 10^3^ cells g^−1^ (Nkhame and Ruace) ([Table 2](#tbl0010){ref-type="table"}).

3.3. Climate and rainfall {#sec0050}
-------------------------

Climate type ([Table 1](#tbl0005){ref-type="table"}), rainfall and temperature data (Supplementary Table 1 and Supplementary Table 2) recorded all through soybean growth stages at the experimental sites are summarized below. In Brazil, the rainfall was particularly low during the transition of soybean from the vegetative to the reproductive growth stages in the 2013/2014 crop season at Londrina and Maracaí. In Mozambique, the rainfall recorded during the transition of soybean from the vegetative to the reproductive growth stages was lower in the 2014/2015 compared to the 2013/2014 crop season at Ntengo, Ruace and Sussundenga.

3.4. Nodulation (nodule number and nodule dry weight) {#sec0055}
-----------------------------------------------------

In Brazil, the effect of inoculation on nodulation was observed at Londrina, where all inoculation treatments, except for SEMIA 5080, resulted in increased nodule number (NN) when compared to the non-inoculated control (NI) in the 2013/2014 crop season ([Table 3](#tbl0015){ref-type="table"}). In 2014/2015, plants inoculated with strains SEMIA 5079 and USDA 110 at Londrina had significantly greater NN and nodule dry weight (NDW) when compared to the NI control. Inoculation with SEMIA 5019 and 5079 + 5080 at Londrina also significantly increased NDW in relation to the NI in 2014/2015, although this was not accompanied by a statistically higher NN. No effects of inoculation on NN and NDW were observed at Maracaí, Rio Verde and Ponta Grossa ([Table 3](#tbl0015){ref-type="table"}).Table 3Nodule number (NN, n° plant^−1^), nodule dry weight (NDW, mg plant^−1^), shoot dry weight (SDW, g plant^−1^), total N accumulation in shoots (TNS, mg plant^−1^), grain dry weight (GDW, g 100 seeds^−1^), and relative effectiveness (RE, %) of soybean, cultivars BMX Potência--RR, BRS-359-RR and BRS-360-RR, grown with or without inoculation treatment in the 2013/2014 and 2014/2015 crop seasons at Londrina, Maracaí, Rio Verde and Ponta Grossa, Brazil.Treatment[1](#tblfn0065){ref-type="table-fn"}Londrina, 2013/2014 crop season - BMX PotênciaLondrina, 2014/2015 crop season - BRS-360-RRNNNDWSDWTNSGDWRE[2](#tblfn0070){ref-type="table-fn"}NNNDWSDWTNSGDWRE[2](#tblfn0070){ref-type="table-fn"}NI11.8^b^[3](#tblfn0075){ref-type="table-fn"}25.17^a^0.8^ns^29.61^ab^9.7^d^114.4^ns^15.8^c^[3](#tblfn0075){ref-type="table-fn"}26.78^bc^3.2^b^138.90^bc^15.6^bc^95.4^bc^NI + N5.6^c^6.03^b^0.732.12^a^10.7^a^100.0^4^12.4^d^17.15^c^3.3^b^157.35^ab^16.1^a^100.0^4^SEMIA 507917.5^a^31.30^a^0.622.83^bc^10.1^b^82.522.1^a^40.76^a^2.9^b^126.85^cd^15.3^c^89.9^bcd^SEMIA 508015.0^ab^25.32^a^0.622.49^c^10.0^bc^82.918.8^b^34.27^ab^2.9^b^126.37^cd^15.5^c^88.8^bcd^SEMIA 58717.0^a^29.88^a^0.624.42^bc^10.0^bc^87.117.0^bc^28.12^b^3.0^b^119.75^cd^15.7^bc^88.2^cd^SEMIA 501916.4^a^28.48^a^0.625.34^bc^9.8^cd^89.417.2^bc^44.55^a^3.4^b^153.18^ab^15.3^c^102.6^b^USDA 11017.8^a^31.91^a^0.519.97^c^10.1^b^75.018.3^b^40.17^a^2.5^c^108.45^d^15.4^c^75.5^d^5079 + 508017.4^a^33.95^a^0.723.34^bc^10.0^bc^95.517.5^bc^40.22^a^3.9^a^175.01^a^15.9^ab^118.9^a^*p -* value0.000.000.170.040.000.150.000.000.010.000.000.00C.V. (%)24.6531.5224.4525.332.1526.4511.7429.9317.6615.862.0613.95Maracaí, 2013/2014 crop season - BMX PotênciaRio Verde, 2013/2014 crop season - BMX PotênciaNI15.3^ns^[3](#tblfn0075){ref-type="table-fn"}75.62^ns^1.3^d^33.27^b^13.3^a^86.7^d^27.4^ns^[3](#tblfn0075){ref-type="table-fn"}107.65^a^2.5^ns^69.36^b^13.0^a^133.5^a^NI + N13.369.381.6^bc^51.27^a^13.0^b^100.0^4^20.840.09^b^2.492.81^a^12.9^ab^100.0^4^SEMIA 507913.580.521.6^abc^44.57^a^13.3^a^112.5^bc^26.0103.53^a^2.270.10^b^13.1^a^114.9^abc^SEMIA 508017.578.771.7^ab^48.53^a^12.9^c^117.1^ab^26.697.06^a^2.569.47^b^12.7^bc^127.8^ab^SEMIA 58712.286.561.7^ab^47.67^a^13.0^b^123.4^ab^23.191.05^a^2.061.80^bc^12.9^ab^106.9^c^SEMIA 501915.272.051.4^cd^38.15^b^12.9^c^96.2^cd^24.690.71^a^2.059.03^c^12.7^c^112.1^bc^USDA 1109.168.731.3^d^36.50^b^12.8^c^86.7^d^23.691.04^a^2.058.22^c^13.1^a^107.5^c^5079 + 508013.964.831.9^a^50.42^a^13.4^a^132.5^a^27.6110.54^a^2.368.39^b^13.1^a^129.2^ab^*p -* value0.110.660.000.000.000.000.280.000.230.000.020.08C.V. (%)32.5427.9315.1514.691.1217.3020.5623.3319.7213.061.9215.64Ponta Grossa, 2014/2015 crop season -- BRS-359-RRNI115.1^ns^[3](#tblfn0075){ref-type="table-fn"}402.89^ns^5.3^ns^196.85^bc^12.7^c^67.3^c^NI + N93.2341.697.4312.67^a^13.5^a^100.0^4^SEMIA 5079111.0447.736.1215.83^bc^13.1^ab^72.9^bc^SEMIA 5080103.4365.315.4180.88^c^13.1^ab^69.1^bc^SEMIA 587111.1469.496.0248.73^b^13.1^ab^71.3^bc^SEMIA 5019130.4421.406.5237.31^bc^12.9^bc^81.2^ab^USDA 11096.7356.116.4245.77^b^12.9^bc^87.9^a^5079 + 5080107.8392.097.4250.62^b^12.9^bc^90.0^a^*p -* value0.200.110.220.020.040.01C.V. (%)21.2920.2325.5824.811.7915.93[^13][^14][^15]

Strong responses to inoculation were observed at all sites in Mozambique. Plots treated with strains SEMIA 5079, 5080, and 5019 at Muriaze ([Table 4](#tbl0020){ref-type="table"}) had significantly higher NN and NDW in relation to the NI control in 2013/2014 and 2014/2015. Inoculation with strain SEMIA 5019 at Nkhame ([Table 4](#tbl0020){ref-type="table"}) in the 2014/2015 crop season, and at Ntengo ([Table 5](#tbl0025){ref-type="table"}) in both crop seasons also resulted in increased NN and NDW in relation to the NI treatment. Strain SEMIA 587 improved both NN and NDW at Muriaze ([Table 4](#tbl0020){ref-type="table"}), Ruace ([Table 5](#tbl0025){ref-type="table"}) and Sussundenga ([Table 5](#tbl0025){ref-type="table"}) in the 2014/2015 crop season. At Sussundenga ([Table 5](#tbl0025){ref-type="table"}), the responses were similar to those observed at Muriaze ([Table 4](#tbl0020){ref-type="table"}).Table 4Nodule number (NN, n° plant^−1^), nodule dry weight (NDW, mg plant^−1^), shoot dry weight (SDW, g plant^−1^), ground biomass (AGB, kg ha^−1^), grain dry weight (GDW, g 100 seeds^−1^), and relative effectiveness (RE, %) of soybean, cultivar Storm, grown with or without inoculation treatment in the 2013/2014 and 2014/2015 crop seasons at Muriaze and Nkhame, Mozambique.Treatment[1](#tblfn0080){ref-type="table-fn"}Muriaze, 2013/2014 crop seasonMuriaze, 2014/2015 crop seasonNNNDWSDWAGBGDWRE[2](#tblfn0085){ref-type="table-fn"}NNNDWSDWAGBGDWRE[2](#tblfn0085){ref-type="table-fn"}NI6.2^d^[3](#tblfn0090){ref-type="table-fn"}27.40^c^12.9^c^5506^ns^15.6 ^ns^68.5^ns^18.5^f^[3](#tblfn0090){ref-type="table-fn"}150.15^e^22.5^ns^3199^b^15.8^ab^100.8^ns^NI + N3.4^e^27.60^c^19.8^a^561016.4100.0[4](#tblfn0095){ref-type="table-fn"}13.5^g^73.70^fg^23.51955^c^15.9^ab^100.0[4](#tblfn0095){ref-type="table-fn"}SEMIA 507911.3^c^123.80^b^11.9^c^540215.966.327.1^e^272.11^d^18.15346^a^14.1^c^81.3SEMIA 508014.9^b^108.72^b^11.8^c^565116.862.130.2^d^419.40^b^20.73986^b^15.2^bc^94.2SEMIA 5877.2^d^38.52^c^12.6^c^518116.669.833.8^c^343.96^c^18.63539^b^14.5^bc^86.1SEMIA 501923.7^a^181.73^a^18.8^ab^537317.587.646.1^a^508.70^a^18.44203^b^14.9^bc^81.8USDA 1107.4^d^37.64^c^15.0^bc^557515.876.935.4^b^89.20^f^21.43742^b^14.8^bc^94.4*p -* value0.000.000.000.350.210.220.000.000.250.000.060.38C.V. (%)13.9729.7425.508.546.9723.002.8911.3521.2922.728.7218.80Nkhame, 2013/2014 crop seasonNkhame, 2014/2015 crop seasonNI24.8^a^[3](#tblfn0090){ref-type="table-fn"}29.50^cd^36.5^ns^6995^ns^15.6^bcd^66.0 ^ns^8.9^d^[3](#tblfn0090){ref-type="table-fn"}91.63^c^17.2^e^3810^ns^14.8^d^59.6^d^NI + N16.7^cd^16.95^d^58.6803217.3^a^100.0[4](#tblfn0095){ref-type="table-fn"}9.6^d^68.93^d^31.3^b^479715.7^ab^100.0[4](#tblfn0095){ref-type="table-fn"}SEMIA 507922.6^ab^18.65^d^50.2711117.0^a^92.122.1^b^93.58^c^37.8^a^422316.0^a^130.8^a^SEMIA 508017.7^bcd^15.96^d^43.4777215.7^bcd^79.516.4^c^99.74^c^21.3^de^434315.0^cd^70.7^cd^SEMIA 58717.3^cd^42.20^c^54.0713115.0^d^94.910.0^d^122.63^b^36.8^a^496115.4^abc^124.3^a^SEMIA 501922.5^ab^90.01^a^62.7720916.0^bc^100.533.4^a^156.57^a^16.8^e^462115.1^cd^57.7^d^USDA 11020.4^abc^38.40^c^52.4746316.1^b^93.216.4^c^52.00^de^24.3^cd^491315.5^abc^81.7^c^*p-*value0.000.000.350.610.000.240.000.000.000.420.020.00C.V. (%)21.9231.2128.8313.184.9424.9631.2320.1918.4119.313.2917.38[^16][^17][^18][^19][^20]Table 5Nodule number (NN, n° plant^−1^), nodule dry weight (NDW, mg plant^−1^), shoot dry weight (SDW, g plant^−1^), above ground biomass (AGB, kg ha^−1^), grain dry weight (GDW, g 100 seeds^−1^), and relative effectiveness (RE, %) of soybean, cultivar Storm, grown with or without inoculation treatment in the 2013/2014 and 2014/2015 crop seasons at Ntengo, Ruace and Sussundenga, Mozambique.Treatment[1](#tblfn0100){ref-type="table-fn"}Ntengo, 2013/2014 crop seasonNtengo, 2014/2015 crop SeasonNNNDWSDWAGBGDWRE[2](#tblfn0105){ref-type="table-fn"}NNNDWSDWAGBGDWRE[2](#tblfn0105){ref-type="table-fn"}NI6.0^f^[3](#tblfn0110){ref-type="table-fn"}96.40^b^19.1^d^6081^ns^14.9^ns^80.3^b^29.0^b^[3](#tblfn0110){ref-type="table-fn"}77.90^d^18.8^ns^2740^ns^16.2^ns^102.1^ns^NI + N6.8^ef^90.85^b^24.0^ab^526515.8100.0[4](#tblfn0115){ref-type="table-fn"}18.0^c^44.70^e^18.6354316.4100.0[4](#tblfn0115){ref-type="table-fn"}SEMIA 50799.0^cd^128.15^b^19.5^cd^642315.582.8^b^39.9^a^282.21^a^21.8316716.0118.2SEMIA 508022.2^a^181.00^a^20.0^cd^558115.284.2^b^28.6^bc^92.38^d^16.2320216.388.0SEMIA 58710.6^c^127.35^b^26.5^a^579016.1111.7^a^29.5^b^125.45^c^19.8347515.9108.1SEMIA 501913.4^b^201.56^a^19.7^cd^550515.981.9^b^42.7^a^195.38^b^18.3321915.799.3USDA 1108.2^de^118.84^b^22.4^bc^539515.893.5^b^22.0^bc^80.49^d^16.8340316.090.7*p -* value0.000.000.000.190.250.000.000.000.770.460.260.74C.V. (%)14.9023.4212.4112.195.5713.9431.1820.2228.1417.303.9429.82Ruace, 2013/2014 crop seasonRuace, 2014/2015 crop seasonNI9.9^e^[3](#tblfn0110){ref-type="table-fn"}100.00^e^26.8^b^8806^ns^17.5^e^81.7^a^7.4^d^[3](#tblfn0110){ref-type="table-fn"}48.68^de^7.8^cd^2267^ns^14.2^ns^54.9^bcd^NI + N2.4 ^f^17.64^f^32.8^a^916718.3^d^100.0[4](#tblfn0115){ref-type="table-fn"}6.2^d^29.24^e^15.0^a^252615.6100.0[4](#tblfn0115){ref-type="table-fn"}SEMIA 507921.6^c^296.85^b^28.0^b^879118.8^cd^86.1^a^22.3^b^151.67^b^15.0^a^276614.8106.3^a^SEMIA 508041.1^a^426.48^a^26.2^b^917819.4^bc^80.1^a^34.5^a^198.28^a^17.4^a^315616.1119.8^a^SEMIA 58723.5^c^217.60^c^25.2^b^892019.6^b^77.6^a^25.1^b^124.12^c^10.4^b^249715.072.5^b^SEMIA 501937.9^b^409.28^a^26.2^b^853120.2^a^80.4^a^12.3^c^67.12^d^7.2^cd^279914.748.5^cd^USDA 1109.9^e^139.92^d^22.0^c^830419.2^bc^67.5^b^11.7^c^37.80^e^5.6^d^264414.838.2^d^*p -* value0.000.000.000.160.000.020.020.000.000.350.340.00C.V. (%)12.3115.889.537.482.829.479.4723.7220.8022.618.3523.91Sussundenga, 2013/2014 crop seasonSussundenga, 2014/2015 crop seasonNI8.9^e^[3](#tblfn0110){ref-type="table-fn"}118.98^ef^8.2^c^6056^cde^9.1^ns^35.8^b^5.5^d^[3](#tblfn0110){ref-type="table-fn"}65.80^fg^11.4^c^5519^ns^13.5^ns^138.5^bc^NI + N4.1^f^64.30^f^23.3^a^6728^bcd^9.5100.0[4](#tblfn0115){ref-type="table-fn"}5.8^d^53.04^g^8.0^d^651215.3100.0[4](#tblfn0115){ref-type="table-fn"}SEMIA 507920.8^c^334.72^c^17.0^b^7250^a−d^9.373.3^a^15.5^c^129.80^d^10.8^c^583614.0128.8^c^SEMIA 508030.0^b^439.03^b^16.9^b^7867^ab^9.471.5^a^34.0^ab^188.10^c^15.4^a^691213.9163.6^a^SEMIA 58715.4^d^176.35^de^8.9^c^5861^de^9.238.6^b^32.2^b^276.30^b^12.8^abc^602214.2138.2^bc^SEMIA 501939.5^a^594.65^a^17.0^b^8528^a^9.572.3^a^35.4^a^351.48^a^14.8^ab^648215.9160.9^ab^USDA 11018.4^cd^246.38^cd^10.8^c^7437^abc^9.147.3^b^5.7^d^85.41^ef^12.5^bc^629815.3141.6^abc^*p-*value0.000.000.000.000.840.000.000.000.000.390.130.02C.V. (%)20.6528.7625.1317.506.2328.7815.6612.0419.3617.209.7014.11[^21][^22][^23][^24][^25]

Although the use of N-fertilizer decreased nodulation in Brazil, as indicated by a significant reduction of NN and/or NDW at Londrina and Rio Verde ([Table 3](#tbl0015){ref-type="table"}), the detrimental effects of N-fertilizer application on nodulation were more evident in Mozambique, where significant reduction on NN and/or NDW was observed at Muriaze, Nkhame ([Table 4](#tbl0020){ref-type="table"}), Ntengo and Ruace ([Table 5](#tbl0025){ref-type="table"}).

3.5. Plant growth and nitrogen accumulation {#sec0060}
-------------------------------------------

In Brazil, strains SEMIA 587, 5079, and 5080, and the combination 5079 + 5080 significantly improved shoot dry weight (SDW) and total N accumulated in shoots (TNS) when compared to the non-inoculated (NI) control at Maracaí ([Table 3](#tbl0015){ref-type="table"}). The combination 5079 + 5080 also resulted in statistically higher SDW and TNS at Londrina (2014/2015) than the NI treatment ([Table 3](#tbl0015){ref-type="table"}).

In Mozambique, inoculants carrying strains USDA 110, SEMIA 5079 and 587 at Nkhame (2014/2015) ([Table 4](#tbl0020){ref-type="table"}), SEMIA 587 and USDA 110 at Ntengo (2013/2014) ([Table 5](#tbl0025){ref-type="table"}), SEMIA 5079, 5080 and 587 at Ruace (2014/2015) ([Table 5](#tbl0025){ref-type="table"}) and SEMIA 5080 and 5019 at Sussundenga (both seasons) ([Table 5](#tbl0025){ref-type="table"}) had higher SDW than the NI treatment.

3.6. Above ground biomass at harvest, grain yield and grain dry weight {#sec0065}
----------------------------------------------------------------------

The effect of inoculation on grain yield (GY) was observed at two sites in Brazil. Compared to the non-inoculated control, treatments SEMIA 5079 + 5080 and SEMIA 5079 significantly increased GY at Londrina (2013/2014), while USDA 110 improved GY at Rio Verde ([Fig. 1](#fig0005){ref-type="fig"}). Strain USDA 110 was the best performing strain across sites and crop seasons with grain yield gains of 5% in relation to the non-inoculated (NI) control (Supplementary Table 3). GY gains attributable to N-fertilizer varied from 11% at Ponta Grossa to 25% at Londrina (2013/2014 crop season) ([Fig. 1](#fig0005){ref-type="fig"}). The average N-fertilizer gain on GY across sites and crop seasons was 11% in relation to the NI treatment, compared to 5% of USDA 110 (Supplementary Table 3).Fig. 1Grain yield (GY, kg ha^−1^) of soybean grown with or without inoculation treatment in Brazil at Londrina in the 2013/2014 (A) and 2014/2015 (B) crop seasons, Maracaí in the 2013/2014 crop season (C), Rio Verde in the 2013/2014 crop season (D) and Ponta Grossa in the 2014/2015 crop season (E). Three soybean varieties, BMX Potência--RR (A, C and D), BRS 360--RR (B) and BRS-359--RR (E), were employed in the trials. NI*,* non-inoculated control with no N-fertilizer; NI + N*,* non-inoculated control with 200 kg of N ha^−1^, split twice, applied at sowing and R2; SEMIA 5079*,* inoculated with *B. japonicum* strain SEMIA 5079; SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; 5079 + 5080*,* inoculated with *B. japonicum* strain SEMIA 5079 and *B. diazoefficiens* strain SEMIA 5080; All rhizobia were applied at the rate of 1.2 × 10^6^ cells seed^−1^. Bars are means of six replicates and when followed by same letter in the same graph are not statistically different (*p* *≤* 0.10, Duncan test); ns -- not significantly different (*p* *≤* 0.10, Duncan test).

In Brazil, plots treated with strains SEMIA 5079, 5080 and 587 had significantly higher grain dry weight (GDW) compared to the non-inoculated control at Londrina (2013/2014) and Ponta Grossa ([Table 3](#tbl0015){ref-type="table"}). Remarkable inoculation effects on above ground biomass and yield components were observed in Mozambique. Plots treated with strains SEMIA 5079 at Muriaze (2014/2015) ([Table 4](#tbl0020){ref-type="table"}), SEMIA 5080 and SEMIA 5019 at Sussundenga (2013/2014) ([Table 5](#tbl0025){ref-type="table"}) had higher above ground biomass (AGB) than the non-inoculated control. Analysis across sites revealed that in the 2013/2014 crop season plants treated with strain SEMIA 5080 had the best and significantly higher (8%) AGB than the NI control plants (Supplementary Table 4). In the 2014/2015 crop season all strains resulted in higher (16--23%) and significant AGB gains relatively to the non-inoculated control, and strains SEMIA 5080, 5019 and USDA 110 resulted in significantly higher AGB gains of 12, 10 and 9%, respectively, in relation to N-fertilized control (Supplementary Table 4).

In the 2013/2014 crop season, inoculants with strains SEMIA 5080, 5019 and USDA 110 at Muriaze, all strains at Ruace, and strains SEMIA 5079, 5080 and 5019 at Sussundenga significantly increased GY in relation to the non-inoculated control ([Fig. 2](#fig0010){ref-type="fig"}). In the following crop season, all inoculated plants at Muriaze and Ruace significantly improved GY compared to the non-inoculated ones. Inoculation with strains SEMIA 5079 and USDA 110 at Nkhame also resulted in increased GY in relation to the non-inoculated treatment in the 2014/2015 crop season ([Fig. 2](#fig0010){ref-type="fig"}). All inoculated plants had significantly higher GY than the non-inoculated ones across experimental sites in both 2013/2014 (GY gains range 5--21%) and 2014/2015 (24--57%) crop seasons (Supplementary Table 4). In the 2014/2015 crop season, inoculation with SEMIA 5079 and USDA 110 resulted in significant GY gains of 31 and 23%, respectively, in relation to the N-fertilized treatment (Supplementary Table 4). SEMIA 5079, 5080, 5019 and USDA 110 were the best strains across experimental sites and crop seasons with grain yield gains of 20--29% over the non-inoculated control, a similar or better performance than the 20% yield gains obtained with the NI + N control (Supplementary Table 4).Fig. 2Grain yield (GY, kg ha^−1^) of soybean, cultivar Storm, grown with or without inoculation treatment in Mozambique at Muriaze (A), Nkhame (B), Ntengo (C), Ruace (D) and Sussundenga (E) in the 2013/2014 and 2014/2015 crop seasons. NI*,* non-inoculated control with no N-fertilizer; NI + N*,* non-inoculated control with 200 kg of N ha^−1^, split twice, applied at sowing and R2; SEMIA 5079*,* inoculated with *B. japonicum* strain SEMIA 5079; SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; All rhizobia were applied at the rate of 1.2 × 10^6^ cells seed^−1^. Bars are means of five replicates and when followed by same letter in the same location and crop season are not statistically different (*p* *≤* 0.10, Duncan test); ns -- not significantly different (*p* *≤* 0.10, Duncan test).

Inoculation with strains SEMIA 5079, SEMIA 587 and USDA 110 at Nkhame (2014/2015) ([Table 4](#tbl0020){ref-type="table"}), and all strains in 2013/2014 at Ruace ([Table 5](#tbl0025){ref-type="table"}) resulted in significant increased grain dry weight (GDW) compared to the non-inoculated control. N-fertilizer application significantly improved GDW compared to the non-inoculatd control at Nkhame ([Table 4](#tbl0020){ref-type="table"}) and Ruace (2013/2014 crop season) ([Table 5](#tbl0025){ref-type="table"}). Interestingly, in the 2013/2014 crop season, N-fertilizer treatment was outperformed by treatments with strains SEMIA 5080, 587 and 5019 and USDA 110 at Ruace ([Table 5](#tbl0025){ref-type="table"}).

3.7. Relative effectiveness {#sec0070}
---------------------------

Plants inoculated with 5079 + 5080 had significantly higher relative effectiveness (RE) compared to those that relied on naturalized rhizobia at Londrina (2014/2015), Maracaí and Ponta Grossa ([Table 3](#tbl0015){ref-type="table"}). Inoculation with strains SEMIA 5079, 5080 and 587 at Maracaí, SEMIA 5019 and USDA 110 at Ponta Grossa, also resulted in increased RE in relation to the non-inoculated treatment ([Table 3](#tbl0015){ref-type="table"}).

In Mozambique, plants treated with strains SEMIA 587 at Ntengo and SEMIA 5079, 5080 and 5019 at Sussundenga ([Table 5](#tbl0025){ref-type="table"}) had significantly greater RE than the non-inoculated control in 2013/2014. In 2014/2015, inoculation with strains SEMIA 5079 and 587 and USDA 110 at Nkhame ([Table 4](#tbl0020){ref-type="table"}), SEMIA 5079 and 5080 at Ruace ([Table 5](#tbl0025){ref-type="table"}) and SEMIA 5080 at Sussundenga ([Table 5](#tbl0025){ref-type="table"}) significantly increased RE in relation to the NI treatment.

4. Discussion {#sec0075}
=============

Brazilian soils are originally devoid of rhizobia capable of nodulating soybean, but strain selection programs started early with soybean expansion in the 1960s ([@bib0160], [@bib0145]). Elite inoculant strains from Australia and the USA were field tested in Brazil to verify their adaptability to the local agro-climatic conditions, N~2~-fixation effectiveness and ability to compete for nodule occupancy ([@bib0145]). Following years of extensive trials and research improvements, four strains, *B. elkanii* SEMIA 587 and SEMIA 5019, *B. japonicum* SEMIA 5079 and *B. diazoefficiens* SEMIA 5080 are currently employed in commercial inoculants for the crop in Brazil, in single or double-strain combinations ([@bib0155], [@bib0170], [@bib0060]). The double-strain inoculant SEMIA 5079 + 5080 represents over 80% of the commercial inoculants sold in the country and is the farmers' choice in the Cerrados region ([@bib0160], [@bib0145]), an edaphic type of savannah. Yield enhancements of 4--12% attributable to the inoculant combination SEMIA 5079 + 5080 have been reported in bradyrhizobia populated soils ([@bib0295], [@bib0060]).

The superiority of the combination SEMIA 5079 + 5080 was confirmed in our study, where it consistently resulted in the highest nodulation, plant growth, N accumulation in shoots, grain dry weight and symbiotic effectiveness ([Table 3](#tbl0015){ref-type="table"}, Supplementary Table 3). This combination of strains resulted in grain yield gains over the non-inoculated control of 9 and 5%, respectively, in the 2013/2014 and 2014/2015 crop seasons at Londrina ([Fig. 1](#fig0005){ref-type="fig"}, Supplementary Table 3), the site with the highest naturalized rhizobial population, estimated at 2 × 10^5^ cells g^−1^ of soil ([Table 2](#tbl0010){ref-type="table"}). These yield gains are within the 3.2--14.5% interval of re-inoculation yield benefit reported in Brazil ([@bib0205], [@bib0160], [@bib0170]). Despite the better performance of double over single-strain inoculants reported here, in countries like Mozambique, where soybean is a relatively new crop, it is much easier to introduce the concept of single-strain inoculants. This concept is currently being revisited in Brazil. We should also mention that, in general, in the 2013/2014 crop season the yields recorded at the experimental sites in Brazil were lower than those recorded in the previous crop seasons. The yield decreases can be ascribed to the lack of adequate rainfall during R3 reproductive stage (Supplementary Table 1), in which short rainfall records substantially reduce grain yields.

Interestingly, USDA 110, a strain that has never been used in commercial inoculants in Brazil, was among the best performing strains even at Londrina ([Fig. 1](#fig0005){ref-type="fig"}, [Table 3](#tbl0015){ref-type="table"}). This is in agreement with reports of outstanding competitiveness ([@bib0110], [@bib0005], [@bib0010], [@bib0200], [@bib0290]) and N~2~-fixation effectiveness ([@bib0015], [@bib0020]) of this strain.

In Mozambique, where three out of the five surveyed fields had ≪ 100 cells g^−1^ of soil ([Table 2](#tbl0010){ref-type="table"}), inoculation responses were much stronger, as indicated by average yield gains over the non-inoculated control of 5--57% ([Fig. 2](#fig0010){ref-type="fig"}, Supplementary Table 4). Despite a general positive response to inoculation, particularities were observed at each site. Grain yield gains were far greater at Ruace (17--34%) than Nkhame (2--12%) in the 2013/2014 crop season, although both sites had similar rhizobial population size, of 1 × 10^3^ cells g^−1^ of soil. We may thus suppose that an appreciable proportion of the rhizobial population present at Ruace is composed of ineffective bacteria ([@bib0215]).

In Mozambique, relatively better grain yields were recorded in the first compared to the second crop season at Muriaze, Nkhame, Ntengo and Ruace ([Fig. 2](#fig0010){ref-type="fig"}). The lower rainfall recorded during stage R3 at the four experimental sites in the 2014/2015 compared to the 2013/2014 crop season (Supplementary Table 1) may have contributed to the decrease in grain yield from the first to the second crop season.

Intriguingly, grain yield and grain dry weight improved from the first to the second crop season at Sussundenga ([Fig. 2](#fig0010){ref-type="fig"}, [Table 5](#tbl0025){ref-type="table"}, respectively) despite considerably better environmental conditions recorded in the first compared to the second crop season. The rainfall amount and distribution was more favorable in the first crop season (Supplementary Table 1), while the temperatures recorded in both crop seasons were similar and within the suitable range (20--30 °C) for soybean growth (Supplementary Table 2). Grain dry weight is the yield component known to reduce remarkably under drought stress occurring during R5 ([@bib0075]). In this study, however, the slightly lower rainfall and higher temperatures recorded during and/or just after R5 in the first season are unlikely to have caused enough evapotranspiration rates to explain the grain dry weight and grain yield differences. Interestingly, the above ground biomass was much higher in the first compared to the second crop season ([Table 5](#tbl0025){ref-type="table"}), agreeing with the better environmental conditions recorded in the first crop season.

Soybean inoculation success in Brazil can be explained by the elite strains used and, in the case of re-inoculation, the improvement of nodulation of the crown root by the inoculant strains, even in soils with naturalized populations. Inoculant strains typically dominate occupancy of crown root nodules ([@bib0195], [@bib0135]) but are unable to sustain high population levels all through the growing root system ([@bib0190], [@bib0195], [@bib0310]). The inability of inoculant strains to fully explore the root profile allows positional advantage to be taken by the strains already in the soil on the competition for lateral root infections sites ([@bib0305]; [@bib0180]; [@bib0055]). Furthermore, crown root nodules usually undergo a senescence process around R4 reproductive stage (pod 2 cm in length and one of the two four uppermost nodes on the main stem with completely developed leaf; [@bib0105]) ([@bib0050], [@bib0095], [@bib0035]) just before N~2~-fixation reaches maximum levels ([@bib0280]). This means that symbiosis will markedly be influenced by the symbiotic effectiveness of naturalized rhizobia. It is, therefore, possible that the observed re-inoculation responses represent a combined effect of the N~2~ fixed in the crown and lateral nodules predominately occupied by inoculant and naturalized strains, respectively ([@bib0180]; [@bib0055]; [@bib0135]). In annually cropped soybean areas, inoculated soybean plants frequently exhibit profuse nodulation on the crown root, contrasting with delayed infections occurring at 1--2 cm below the crown on control plots ([@bib0145]), which elucidates the positional difference of inoculant and naturalized strains in the root profile.

N-fertilizer reduced nodule number and dry weight in both countries, supporting previous observations that increased levels of mineral N in the rhizosphere inhibit soybean nodule formation and functioning ([@bib0040], [@bib0165], [@bib0145]). Moreover, in Mozambique, inoculation with strains SEMIA 5079 and USDA 110, the best performing strains across sites in the 2014/2015 crop season, resulted in significant grain yield gains, of 31 and 23%, respectively, in relation to the N-fertilized control ([Fig. 2](#fig0010){ref-type="fig"}, Supplementary Table 4). This corroborates previous evidence of the profitably of inoculation compared to N-fertilizer application ([@bib0160], [@bib0145]). In Brazil, however, N-fertilizers increased grain yield in three out of the five experiments. The low rainfall recorded at the experimental sites, particularly during R3 (Supplementary Table 1) may explain the low yields. In addition, it is broadly reported that under water stressing conditions BNF is more affected than the assimilation of mineral N ([@bib0250], [@bib0090]). Despite the observed yield gains, N-fertilizer application would not be profitable, considering the typically high fertilizer prices in the Brazilian market. However, concerns are raised in Brazil that the increasing periods of water stress, due to the global climatic changes, might lead to the need of application of N fertilizers, with serious economic and environmental impacts. On the contrary, in Mozambique the use of N-fertilizer did not provide better results than those obtained with the best performing strains, SEMIA 5079, SEMIA 5080, SEMIA 5019 and USDA 110, considering averages across sites and crop seasons ([Fig. 2](#fig0010){ref-type="fig"}, Supplementary Table 4).

In conclusion, elite strains either selected in Brazil or in USA improved soybean growth, yield and grain dry weight in Brazil and Mozambique. The best treatments across experimental sites in Brazil were SEMIA 5079 + 5080, SEMIA 5079 and USDA 110, with average grain yield gains of 4--5%. In Mozambique, the best treatments were SEMIA 5079, SEMIA 5080, SEMIA 5019 and USDA 110, with overall grain yield gains of 20--29%. These results suggest that the strains SEMIA 5079, SEMIA 5080 and USDA 110 hold the best potential as commercial inoculants in both countries. Strains SEMIA 5079 and SEMIA 5080 have shown to be very effective in fixing nitrogen and tolerant to the harsh conditions of the Brazilian Cerrados ([@bib0145]). USDA 110 is also very effective ([@bib0015], [@bib0020]) and competitive ([@bib0110], [@bib0200]). Therefore, these strains are likely to adapt well not only in Brazil and Mozambique, but also in other countries with similar agro-climatic conditions. The feasibility of transference of soybean inoculation technologies between countries with relatively similar agro-climatic conditions can save time, labor and money, and speed up the introduction of productive and sustainable cropping systems, as is the case of the soybean in Africa.

Appendix A. Supplementary data {#sec0085}
==============================
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[^1]: Based on Köppen-Geiger climate classification ([@bib0220]).

[^2]: Based on FAO soil classification ([@bib0100]).

[^3]: Based on USDA textural soil classification (USDA, 1987).

[^4]: Experimental stations in Brazil: Lon -- Londrina; Mar -- Maracaí; Rio -- Rio verde; Pon -- Ponta grossa.

[^5]: Experimental stations in Mozambique: Mur -- Muriaze; Nkh -- Nkhame; Nte -- Ntengo; Rua -- Ruace; Sus -- Sussundenga.

[^6]: In Mozambique pH was estimated based on the equation pH (CaCl~2~)  = pH (H~2~O) × 0.923 − 0.373 ([@bib0025]).

[^7]: SOM, Soil Organic Matter = 1.724 x soil organic carbon.

[^8]: EA, Exchangeable Acidity  = (Al + H).

[^9]: SB, Sum of Bases  = (K + Ca + Mg).

[^10]: CEC, Cation Exchangeable Capacity  = (EA + SB).

[^11]: BS, Bases Saturation = SB/CEC × 100.

[^12]: na, not available: due to logistic difficulties, rhizobial populations were not estimated in the 2014/2015 crop season in Mozambique.

[^13]: NI*,* non-inoculated control with no N-fertilizer; NI + N*,* non-inoculated control with 200 kg of N ha^−1^, split twice, applied at sowing and R2; SEMIA 5079*,* inoculated with *B. japonicum* strain SEMIA 5079; SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; 5079 + 5080*,* inoculated with *B. japonicum* strain SEMIA 5079 and *B. diazoefficiens* strain SEMIA 5080; All rhizobia were applied at the rate of 1.2 × 10^6^ cells seed^−1^.

[^14]: Determined as a ratio between the SDW of a given treatment and that of the treatment NI + N ([@bib0235]).

[^15]: Means of six replicates and when followed by same letter in the same column are not statistically different (*p* *≤* 0.10, Duncan test).

[^16]: ^ns^ not statistically different (*p* ≤ 1.0, Duncan test).

[^17]: NI*,* non-inoculated control with no N-fertilizer; NI + N*,* non-inoculated control with 200 kg of N ha^−1^, split twice, applied at sowing and R2; SEMIA 5079*,* inoculated with *B. japonicum* strain SEMIA 5079; SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; All rhizobia were applied at the rate of 1.2 × 10^6^ cells seed^−1^.

[^18]: Determined as a ratio between the SDW of a give treatment and that of the treatment NI + N ([@bib0235]).

[^19]: Means of five replicates and when followed by same letter in the same column are not statistically different (*p* ≤ 0.10, Duncan test).

[^20]: Not included in the statistical analysis.

[^21]: ^ns^ not statistically different (*p* ≤ 0.10, Duncan test).

[^22]: NI*,* non-inoculated control with no N-fertilizer; NI + N*,* non-inoculated control with 200 kg of N ha^−1^, split twice, applied at sowing and R2; SEMIA 5079*,* inoculated with *B. japonicum* strain SEMIA 5079; SEMIA 5080*,* inoculated with *B. diazoefficiens* strain SEMIA 5080; SEMIA 587*,* inoculated with *B. elkanii* strain SEMIA 587; SEMIA 5019*,* inoculated with *B. elkanii* strain SEMIA 5019; USDA 110*,* inoculated with *B. diazoefficiens* strain USDA 110; All rhizobia were applied at the rate of 1.2 × 10^6^ cells seed^−1^.

[^23]: Determined as a ratio between the SDW of a given treatment and that of the treatment NI + N ([@bib0235]).

[^24]: Means of five replicates and when followed by same letter in the same column are not statistically different (*p* ≤ 0.10, Duncan test).

[^25]: Not included in the statistical analysis.
